The low milk yield and shorter persistency of lactation of dairy cattle is the major problem for the dairy practices in the tropics. High environmental temperatures and rapid decline of plasma growth hormone level can influence milk production. Regulation of the milk yield of animals is mainly based on the mechanisms governing the quantity of glucose extracted by the mammary gland for lactose biosynthetic pathways. The mechanism(s) underlying the effects of cooling and supplemental bovine somatotropin on milk production relating to body glucose metabolism and intracellular metabolism of glucose in the mammary gland of crossbred Holstein cattle in the tropics have not been investigated to date. Approach: Ten crossbred 87.5% Holstein cows were divided into two groups of five animals each. Animals were housed in Normal Shade barn (NS) as non-cooled cows and cows in the second group were housed in barn which was equipped with a two Misty-Fan cooling system (MF) as cooled cows. Supplementation of recombinant bovine Somatotropin (rbST) (POSILAC, 500 mg per cow) were performed in both groups to study body glucose metabolism and the utilization of glucose in the mammary gland using a continuous infusion of [3-3 H] glucose and [U-
INTRODUCTION
The low milk yield and short lactation period of either pure exotic or crossbred dairy cattle is still the major problem for the dairy practices in the tropics. The mechanisms that limit the rate of milk yield and shorter lactation persistency as lactation advances in crossbred dairy cattle in tropics are unclear. It is not only animal genetics that are considered but other factors, for example, high environmental temperatures and hormonal factors can influence milk production (Collier et al., 1982) . The study in 87.5% crossbred Holstein cattle (HF) showed rapid decline in the concentration of plasma bovine Somatotropin (bST), which would accompany with a reduction in both mammary blood flow and milk yield as lactation progressed to mid and late lactation (Chaiyabutr et al., 2000a) . Many studies demonstrated the efficacy of bST for improvement in milk yield (Breier et al., 1991; Burton et al., 1994) . Long term exogenous recombinant bovine Somatotropin (rbST) in 87.5% HF cow increased in milk yield which accompanied with an increase in the rate of mammary blood flow, but the stimulant effect for milk yield was less in late lactation despite a high level of mammary blood flow (Chaiyabutr et al., 2007) . It is not known which factors are the cause and which factors are the effects for such reduction.
It is well recognized that prolonged high ambient temperatures can affect either directly or indirectly to the ability of dairy cow to synthesize milk production. Environmental modifications such as fans and sprinklers (Fike et al., 2002) or evaporative cooling system (Chan et al., 1997; Chaiyabutr et al., 2008a) can be used to alleviate of severe heat stress and increase in milk production in dairy cattle. In addition to environmental modifications, other technologies can increase milk production in dairy cattle, for example, by supplementation of dietary methionine (Yang et al., 2010) , or the application of exogenous bovine somatotropin (West et al., 1991; West, 1994) . Somatotropin is known to play a role in responsible for galactopoietic and contributing to homeostasis and homeorhesis in ruminants (Bauman and Currie, 1980) . However, few data are available on the combined effects of high environmental temperatures and bST administration on mechanisms of milk secretion.
Glucose is known to be the principal precursor of lactose synthesis. Lactose is the major osmotic factor of milk synthesis and is required in proportion to the amount of milk produced (Linzell and Peaker, 1971) . The regulation of the milk yield is mainly based on the quantity of glucose extracted by the mammary gland and converted into lactose. The rapid decline in lactose biosynthetic pathways has been shown to account for a short persistency of lactation as lactation advanced to mid and late lactation in 87.5% HF cows in either without rbST administration (Chaiyabutr et al., 2000b) or long-term administration of rbST (Chaiyabutr et al., 2008b) . During long-term administration of rbST, the utilization of glucose in the mammary gland was metabolized less for lactose synthesis and the pentose phosphate pathway but metabolized more via the Embden-Meyerhof pathway as lactation advances (Chaiyabutr et al., 2008b) . Cows treated with bST does not only increase efficiencies of milk yields, but also increase heat production, which was probably due to increased metabolic activity associated with higher milk yield (West, 1994) . The high heat production in rbST treated-cows with high ambient temperatures would induce high heat stress. The further study would be established whether short persistency of lactation occurring in 87.5% HF cows is due to the effect of high ambient temperatures or the less stimulant effect of bovine somatotropin or combination of both of these factors during lactation advances. Environmental modifications are needed to minimize the effects of heat stress and that will maintain potentially increased milk yields because of bST technology (West, 1994) . Few data are available concerning glucose utilization by the udder, under the effect of cooling and supplementation of rbST in crossbred Holstein cattle. Therefore, the present study was designed to investigate the mechanisms of milk secretion relating to intracellular metabolism of glucose in the mammary gland and body glucose metabolism during rbST supplementation in 87.5% HF cows housing under mistyfan cooling system.
MATERIALS AND METHODS

Animals and managements:
Ten primiparous, crossbred 87.5% Holstein cattle were randomly divided into two groups of five animals each. Animals in the control group were housed in the Normal Shade (NS) in individual stall, while animals in the experimental group were housed in shade with using mister and fans cooling to reduce the environmental temperature (MF). The MF barn had two sets of misters and fans cooling system, which each system consisted of a 26 inch diameter blade fan circulating 7,200 ft 3 min −1 of air, with oscillation coverage of 180°. The amount of water discharged from 4 spray heads was 7.5 L h −1 and side of mist droplet 0.01 mm. Animal were exposed to MF for 45 min at 15 min intervals from 0600-1800 h. At night, animals were exposed to MFC for 15 min at 45 min intervals from 1800-0600 h. Animals in each group were fed with the same ration of TMR (Table 1) twice daily throughout the experiment. Each day, the diet was given in equal portion at about 0600 and 1700 h when animal were milked.
Water was available at all times. All animals were weighed monthly throughout the experiment. The study was performed under a protocol approved by ethic committee of Faculty of Veterinary Science, Chulalongkorn University. The procedures used in the present study were formulated to comply with international standards and are in accordance with the principles and guidelines of the National Research Council of Thailand.
Experimental procedures:
The diagram illustrating the time course of the experiment is shown in Fig. 1 . The experiments were carried out throughout lactating periods in each group. The experiment in each group was divided into 3 stages, namely early-(Days 65-95 postpartum), mid-(Days 125-155 postpartum) and late lactating stages (Days 185-215 postpartum). The pretreatment study was conducted on the starting day of each lactating stage. At the end of the pretreatment, within the same day, the animal was injected with the first dose subcutaneous injection of 500 mg of recombinant bovine Somatotropin (rbST) (POSILAC, Monsanto, USA). Subsequently, the animal was injected with two consecutive doses injections of rbST in every 2 weeks. Thereafter, within 2 days after the third injection, the treatment study was conducted. The pretreatment, 3 doses of injections and the treatment periods were performed during the first 30 days and the same procedures were followed for each lactating stage. During the last 30 days of each lactating stage, no experiments were conducted in order to allow the milk yield from the effect of rbST treatment to return to the control level (Kirchgessner et al., 1991) . Rectal temperature and respiration rate of individual animals were determined at the same time as recording ambient temperature. Ambient temperature and relative humidity were measured weekly throughout the experiment. The Temperature Humidity Index (THI) was calculated according to West (1994) , where: THI = db-(0.55-0.55RH) (db-58) with db = dry bulb temperature (°F) and RH = relative humidity. On each specified day, measurements of mammary blood flow, glucose metabolism and the utilization of glucose by the mammary gland were carried out at around 10.00 h. Both ear vein and milk vein were catheterized with the non-radiopaque intravenous catheters, gauge 18G (Surflo, Terumo Europe N.V., Belgium) under local anesthesia for infusion of solution. An arterial blood sample was collected from the coccygeal vessel by venipuncture with a # 21 needle into heparinized tube. In the present study, blood sample from either tail vessel can be accounted for arterial blood sample. Since, it has been demonstrated in dairy cattle by Emery et al. (1965) that concentrations metabolites such as glucose and acetate in tail arterial blood were similar to those of tail venous blood. Blood samples from arterial and mammary venous blood in heparinized tube were kept in crushed ice and then centrifuge at 3000 rpm for 30 min at 4°C. Plasma samples were collected and frozen at -40°C in aliquots until time of assays for measurements the concentration of metabolites.
Glucose turnover measurements:
The study of glucose kinetic and efficiency of glucose utilization by the mammary gland during rbST supplementation in both cooled and non-cooled cows were performed at different stages of lactation. Glucose kinetic studies were carried out by using continuous infusion of both [U- 14 C]-glucose and [3-3 H]-glucose solution as described previously by Chaiyabutr et al. (1998) . Briefly, at about 10.00 h of the specified day, a priming dose of radioactive glucose in 20 mL of sterile NSS containing 30 µCi [ Mammary blood flow measurement: Blood flow through half of the udder were performed in duplicated by dye dilution technique using dye T-1824 (Evans blue) by a short term continuous infusion into the milk vein as described by Chaiyabutr et al. (1997) . The rate of blood flow through half of the udder was calculated from plasma sample and the value of packed cell volume using the equation derived by Thompson and Thomson (1977) . Quarter milking showed that the yields of the two halves of the udder were similar. Mammary blood flow was therefore calculated by doubling the flow measured in one milk vein (Bickerstaffe et al., 1974) . Packed cell volume was measured after centrifugation of the blood in a microcapillary tube.
Chemical methods: Radiochemicals for [U-
14 C]-glucose and [3-
3 H]-glucose were obtained from the Radiochemical Center, Amersham Bucks, UK. The specific activity of labeled plasma glucose was determined by the method described by Chaiyabutr and Buranakarl (1989) . The plasma glucose concentration was measured using enzymatic oxidation in the presence of glucose oxidase (Human GmBH, Germany). Plasma free fatty acid were determined by colorimetry after plasma extraction with chloroform, heptane and methanol and TAN solution (Wang et al., 2004) . Plasma triacylglycerol concentration was determined by enzymatic colorimetric test (Triglyceride liquicolor, Wiesbaden, Germany). The concentration of milk lactose was determined by spectrophotometry (Teles et al., 1978) . Lactose radioactivity was determined after isolation by the hydrolysis method (Wood et al., 1965) . Milk fatty acids was extracted from 1 ml of an aliquot thawed milk in 2 mL of Dole's solution (Dole, 1956) , (iso-propanol 40: n-heptane 10: 1N H 2 SO 4 1, v/v) shaking in water bath for 30 min. After 1 ml hexane and 1ml H 2 O was added to the vial and shaking, the upper layer containing fatty acids was transferred into two vials for radioactivity assay and for determination of milk fatty acids concentration. Milk extraction solution in counting vial with a scintillation cocktail was measured radioactivity of 14 C and 3 H-fat by liquid scintillation counter. Other portion of milk extraction was used to determine milk fatty acids concentration by colorimetry according to Wang et al. (2004) using chloroform, heptane and methanol and TAN solution containing 1-(2-Thiazolylazo)-2-naphthol (Sigma-Aldrich). Milk fatty acid profiles were determined by gas chromatography (GC-2010 Gas Chromatograph, Shimazu) after extraction by chloroform and methanol (Christopherson and Glass, 1969) in comparison with the appropriate internal standard of pentadecanoic acid (C:15:0 fatty acid). The concentration of milk citrate was determined by spectrophotometry from tricarboxylic acid filtrate (White and Davies, 1963) . Citrate radioactivity was determined after isolation by anion exchange chromatography (Hardwick et al., 1963) .
Calculations: According to Chaiyabutr et al. (1980; 2008b) , body glucose metabolism and intramammary glucose metabolism can be calculated as follow.
The glucose turnover rate in the whole animal (T), expressed as µmol min The metabolic glucose clearance rate in the whole animal (C G ), expressed as mL min Requirement of NADPH for fatty acid synthesis (P) in the mammary gland, expressed as µmol min −1 , was calculated from the equation:
Where: n = Chain length of the fatty acid (6-16) FFA n = Output in milk of fatty acid chain length n (µmol min −1 )
Values for FFA n were calculated from all medium chain length fatty acids and 30% of C 16 -fatty acids (Annison and Linzell, 1964) .
Net metabolism of Glucose Phosphorylation (G 6 P), expressed as µmol min −1 , was calculated from the equation: Metabolism of glucose via the pentose phosphate pathway (PC) was calculated from the equation:
where, Y specific yield of 14 CO 2 from (1-14 C) glucose via the pentose phosphate pathway (Katz and Wood, 1963) .
If the NADPH formed via PC were used exclusively for reductive biosynthesis of fatty acids, the 3 H-incorporation from [3- 3 H] glucose into fatty acids would equal the 14 CO 2 released from [1-14 C] glucose via the pentose phosphate pathway (Katz et al., 1974) . Metabolism of glucose via PC was therefore calculated from the equation:
where, Z (Total 3 H in milk fatty acid)/t×G A ×(U G -L) Net metabolism of glucose 6-phosphate via PC (G PC ), expressed as µmol min −1 , was calculated from the equation:
Net metabolism of glucose 6-phosphate via the Embden-Meyerhof pathway (G E ), expressed as µmol min −1 , was calculated from the equation: Statistical analysis: Individual cow data in each stage of lactation were adjusted for covariate effects with the data from pretreatment period before start of treatment period. The statistic analyses were performed using General Linear Model procedure of statistical software package SPSS (SPSS for windows, V14.0; SPSS Inc., Chicago, IL, USA) to study either effects or interaction effects of treatment and housing. The model used for each parameter analysis was:
Where: The statistical significant differences of environmental parameters between NS and MF barn were determined by unpaired t-test. Statistical significance was declared at p<0.05 and trends were declared at 0.05< p≤0.10.
RESULTS
Ambient
temperature, relative humidity, Temperature Humidity Index (THI) respiratory rate and rectal temperature: Mean values of measurements at experimental site during periods of studies for daily temperatures, humidities and THI are shown in Table 2 . The rectal temperature and respiratory rate are shown in Table 3 . Average values of ambient temperature in the barn during the daytime in the morning (0900 h) between NS barn and MF barn were not significantly different, while ambient temperatures during 1400 h at NS barn were significantly higher than that of MF barn. The high relative humidity was apparent at morning and it decreased onwards from morning to evening in both NS and MF barns, whereas relative humidity in MF barn was significantly higher than that of NS barn. THI values at the MF barn in afternoon were significantly lower than that of NS barn. Cows in both groups exposed to high THI values (78.3-85.4) in both barns. Rectal temperature recording in the morning and afternoon (0900-1400 h) of cooled and non-cooled cows were significant different whether rbST injection or not. The rectal temperatures of cooled cows were lower than those of non-cooled cows during afternoon (1400 h). There were significant increases in rectal temperature and respiration rate by the effect of supplemental rbST in different parts of the day. The respiratory rates of cooled cows were significantly lower than those of non-cooled cows throughout experimental periods.
Milk yield, milk compositions and its secretion: Milk yield, milk compositions and its secretion of cooled and non-cooled cows are shown in Table 4 . It is obvious that milk yield was significantly increased by rbST of both cooled and non-cooled cows, but it decreased as lactation advances. Milk lactose concentrations were not affected by rbST supplementation as compared with pretreatment in both groups or among stages of lactation in the same group. The ratio of lactose output/glucose uptake were not different in comparison between cooled and non-cooled cows whether supplemental rbST or not in each stage of lactation, but it showed tendency to decrease as lactation advances., The milk lactose secretion was significantly increased by rbST in both cooled and non-cooled cows in eac stage of lactation. The milk citrate concentration was significantly increased during supplemental rbST in early lactation, while its significantly decreased in late lactation in both cooled and non-cooled cows. However, during early and mid lactation, the secretions of milk citrate were significantly increased by rbST in both cooled and non-cooled cows. The concentration triacylglycerol in milk had tendency to increase during supplemental rbST, but a significant increases were apparent in early lactation in both groups. The secretions of milk triacylglycerol were significantly increased in both cooled and non-cooled cows during rbST supplementation in each stage of lactation.
Mammary plasma flow, plasma glucose concentration, mammary glucose uptake and percentage of glucose extraction: The utilization of glucose across the mammary gland during rbST supplementation in both cooled and non-cooled cows are shown in Table 5 . Mammary plasma flow of both cooled and non-cooled cows were significantly increased by rbST administration in each stage of lactation. During rbST supplementation mammary glucose uptake increased in each stage of lactation in both cooled and non-cooled cows. The mammary glucose uptake of both non-cooled and cooled cows were significantly increased during supplemental rbST in mid and late lactations by average 37% and 34%, respectively. Plasma glucose concentrations were not affected by rbST throughout lactation in both cooled and non-cooled cows. There were no significant changes in A-V concentration differences for glucose across the mammary gland during rbST supplementation in each stage of lactation. The percentage of glucose extraction was not influenced by the supplementation of rbST in both groups.
Glucose turnover and related variables: Simultaneous estimation of the total glucose entry rate using 3-[ 3 H] glucose infusion and the utilization rate of glucose using [U-14 C] glucose infusion of both cooled and non-cooled cows supplemental rbST are shown in Table 6 . The glucose entry and utilization rates were not affected by rbST in both cooled and non-cooled cows. The recycling of glucose-C showed no differences between cooled and non-cooled cows whether supplemental rbST or not. Plasma glucose clearance remained unchanged during rbST administration in both cooled and non-cooled cows. Both absolute values and percentage of utilization of glucose of non-mammary tissues of both cooled and non-cooled cows increased as lactation advanced, but it was significantly decreased by rbST during mid lactation. The body weights of both cooled and non-cooled cows whether supplemental rbST or not increased stepwise as lactation advances.
Utilization of glucose carbon in the mammary gland: Glucose uptake and incorporation into related products of lactose, citrate and triacylglycerol are shown in Table 7 . Absolute values of the utilization of glucose carbon to milk lactose were increased by rbST in early and mid lactation of both cooled and noncooled cows, while it decreased in late lactation. However, the percentage of utilization of glucose carbon for synthesis of milk lactose was not affected by rbST in early and mid lactation, but the significant decrease was apparent in late lactation of both cooled and non-cooled cows. The absolute values and percentage of utilization of glucose carbon for synthesis of milk citrate were significantly lower in rbST-treated cows during mid and late lactation in both cooled and non-cooled cows. During supplementation of rbST, the utilizations of glucose carbon for synthesis of milk triacylglycerol were higher in both cooled and noncooled cows in all stages of lactation.
Glucose metabolisms in different metabolic pathways in the udder:
The effects of supplemental rbST and cooling on intracellular glucose metabolisms in the mammary gland are shown in Table 8. The  incorporation of 3 H from [3-3 H] glucose into fatty acids and the flux through the pentose phosphate pathway were increased by supplemental rbST in both cooled and non-cooled cows. These flux were also increased because of lactation advances neither cooling system nor rbST. Correction for the lower 3 H/ 14 C ratio in presenting intracellular glucose 6-phosphate still gave high flux values as lactation advances and during supplemental rbST in both cooled and non-cooled cows. The present results for the net metabolism of glucose 6-phosphate via the pentose phosphate pathway has been defined as glucose 6-phosphate metabolized according to the equation (Katz and Wood, 1963) : glucose 6-phosphate g lyceraldehyde 3-phosphate + 3CO 2 p-values for the effects; MF = Misty-Fan Cooling effect; rbST = rbST effect; MF x rbST = Interaction effect of MF and rbST According to this equation, complete metabolism of one molecule of glucose 6-phosphate would require three cycles of the pentose phosphate pathway. Therefore, the flux through the pathway would be three times for the net rate of glucose metabolized in the pentose phosphate pathway. The present results showed that the intracellular glucose phosphorylated by the mammary gland were metabolized more via the pentose phosphate pathway by rbST either in terms of absolute values or the percentage values in early and mid lactation. These values were declined in late lactation. Values of metabolism of glucose 6-phosphate via the galactose moiety of lactose were decreased as lactation advanced to late lactation neither cooling nor rbST in both groups. Metabolism of glucose 6-phosphate via the Embden-Meyerhof pathway was calculated in term of the proportion of metabolized glucose, which was considerable variation throughout stages of lactation in cooled and non-cooled cows. However, the absolute rate of metabolism of glucose via the EmbdenMeyerhof pathway appeared to increase in the late lactation in both cooled and non-cooled cows whether supplemental rbST or not, but the inclement was not statistical significant.
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Milk fatty acid concentration:
The data in Table 9 showed the marked increases in the total milk fatty acids concentrations during supplemental rbST in both cooled and non-cooled cows. The statistical significant effects of rbST on total milk fatty acids concentrations were apparent in early and mid lactation in both groups. The long chain length fatty acids (C 16 -C 18 ) concentrations in milk were significantly increased by supplemental rbST in both cooled and non-cooled cows in each stage of lactation. Table 11: 3 H/ 14 C ratios in plasma glucose and related products during rbST administration at different stages of lactation of Holstein cows housing in Normal Shade (NS) and shade plus Misty-Fan Cooling (MFC) p-values for the effects; MFC = Misty-Fan Cooling effect; rbST = rbST effect; MFC x rbST = Interaction effect of MFC and rbST NADPH production from glucose: The requirement of NADPH for fatty acid synthesis which was calculated from milk fatty compositions and output is shown in Table 10 . The NADPH productions for fatty acid synthesis were significantly increased by supplemental rbST in each stage of lactation in both cooled and non-cooled cows. The percentage of NADPH production from glucose via the pentose phosphate pathway was considerable variation throughout stages of lactation in cooled and non-cooled cows.
The 3H/14C ratio in glucose and related products:
The 3 H/ 14 C ratios in plasma glucose and related products are shown in Table 11 . The 3 H/ 14 C ratio in arterial plasma glucose was lower than that of the infusion in both groups. These values were not different among cooled and non-cooled cows supplemental rbST in different stages of lactation, indicating some recycling of glucose-C in the whole animals during periods of study. A further decrease in the 3 H/ 14 C ratio was seen in milk lactose. As the glucose moiety of lactose arises directly from plasma glucose, this decrease in the ratio was due to metabolism of glucose 6-phosphate within the udder before incorporation into lactose as galactose. The 3 H/ 14 C ratio of milk triacylglycerol was shown to be high whether with or without rbST in both cooled and non-cooled cows, indicating 3 H-glucose was removed and detected in milk triacylglycerol. The 3 H and 14 C from glucose were shown to be incorporated into milk citrate. The 3 H/ 14 C ratio of milk citrate was not affected by cooling or rbST supplementation.
DISCUSSION
In the present study, the values of THI in NS and MF barns in either morning or afternoon, were always higher than critical value (THI 72) for lactating dairy cows housing in both barns (Smith et al., 2006) .
Crossbred cows in the present study were therefore always subjected to moderate heat stress throughout experimental periods (i.e., ). The effect of misters and fans cooling in the present study was not sufficient to completely eliminate heat stress in cows because THI measured under the cooling system remained high. The THI values might not accurately reflect heat stress when using a mister and fan system for evaporative cooling that result in higher humidity but also cause cooling. Although the cooling effect using the misty-fan system was not sufficient to adequately reduce THI in the barn, but there is a beneficial effect as indicated by a lower RR and RT in cooled cows and also higher milk yield throughout lactation. These results support the study of Fike et al. (2002) that housing cows during the day with fans and sprinklers effectively reduced heat stress as indicated by lower body temperature and respiration rate. In the present study in both groups, milk yield was increased by rbST which accompanied with increases in both RT and RR throughout the experimental periods. The observation for an increase in heat production during rbST supplementation agrees with the reports of West et al. (1991) and West (1994) that rbST-treated cows can increase heat production in a hot environment either high or lower milk producing cows.
It is known that dairy cattle adapt to high temperatures with variety of hormonal and metabolic responses, which may involve changes in the process of milk synthesis in the mammary gland. Milk yield initially showed significant increases in early lactation of cooled and non-cooled cows either supplemental rbST or not and it decreased as lactation advances. These findings confirm that an increase in milk yield in response to rbST administration will not be sustained indefinitely (Bauman, 1992) and it is influenced by the stage of lactation (Phipps et al., 1991) . The low potential for extended persistency of lactation in rbST treated cows appears similar to that which occurs in higher yielding cows (Chase, 1993) . However, it has been reported that the response to bovine somatotropin for whole lactation might be reduced if treatment begins very early in lactation (Burton et al., 1994; Bauman and Vernon, 1993) . It is known that milk production requires glucose for synthesis of lactose which is essential for milk secretion and glucose moiety of lactose arises directly from plasma glucose (Ebner and Schanbacher, 1974 ). An increase in milk yield without an alteration of the plasma glucose concentration during supplemental rbST in both cooled and non-cooled cows indicates that a substantial increase in supply of glucose to the mammary gland would depend mainly on the capacity for transmembrane transport and/or intracellular metabolism of glucose. An increase in mammary blood flow is a factor for glucose uptake by the mammary gland (Linzell, 1973) , which the rate of mammary plasma flow of cows was significantly increased by supplemental rbST. However, an increase in mammary plasma flow coinciding with the high level of endogenouse IGF-I, which was inferred during rbST supplementation (Chaiyabutr et al., 2005) , or increase in circulating concentrations of IGF-I during prolonged exposure to a long daily photoperiod (Spicer et al., 2007) , would not be a major determinant in the mediation of nutrient delivery and uptake by the mammary gland for increase in milk production throughout lactation. Local changes for biosynthetic capacity within the mammary gland would be a factor in identification of the utilization of substrates in the rate of decline in milk yield with advancing lactation (Chaiyabutr et al., 2005) .
Effects of supplemental rbST and cooling on glucose kinetics are shown in Table 5 and 6. The maintenance of the plasma glucose concentrations over a wide range at different stages of lactation in both cooled and non-cooled cows indicates that steady state conditions between the rate of gluconeogenesis and the rate of utilization of glucose existed in the body pool of glucose in both groups. However, it has been reported that the plasma glucose concentration would increase during injection of bovine somatotropin in cows with low milk yield but not in cows with high milk yields (Bines et al., 1980) . The reversible turnover rate of [3-3 H] glucose (the total glucose entry rate) and the irreversible turnover rate of [U-
14 C] glucose (the utilization rate of glucose) of cooled cows without rbST were slightly higher than those of non-cooled cows in all stages of lactation. It is probably that the turnover rate of glucose correlated positively with a higher milk yield in cool cows. However, both glucose entry and utilization rates were not affected by supplementation of rbST in both cooled and non-cooled cows throughout lactation. It is possible that both cooled and non-cooled cows with or without supplemental rbST were fed TMR diet to satisfy requirements for metabolizable energy and the body weights increased stepwise throughout periods of study. It indicates that both cooled and noncooled cows were in positive energy balance. These findings would not affect the irreversible loss of glucose, which has been shown to increase in cows with negative energy balance (McDowell et al., 1987) . The reversible turnover rate of [3- 3 H] glucose represents the total glucose turnover rate as the 3 H is not recycled from products of partial glucose degradation (Katz et al., 1965) . Thus, recycling of glucose-C was estimated by simultaneous infusion of [3- 3 H] glucose and [U-14 C] glucose in both cooled and non-cooled cows, which was not affected by rbST in each stage of lactation. These findings suggest that a constant level of tricarbon units originally derived from glucose being again reincorporated into glucose.
The utilization of glucose across the mammary gland during supplemental rbST in both cooled and non-cooled cows at different stages of lactation are complex regulatory mechanisms. It would depend both on the partitioning of blood flow between extramammary tissues and local regulation. The present results for the mammary uptake of plasma glucose in both groups were not based on changes in A-V concentration differences and extraction ratio of glucose. An increase in the rate of blood flow to the mammary gland during supplemental rbST in both cooled and non-cooled cows would be a major determinant of the rate of glucose uptake by the mammary gland. In all stages of lactation, the net mammary glucose uptake were increased approximately 8-48% by supplemental rbST in both cooled and non-cooled cows. Glucose extracted by the mammary gland has several possible metabolic fates in mammary epithelial cells that may occur at another level than transmembrane transport (Xiao and Cant, 2003) . The glucose uptake by the mammary gland during supplemental rbST and cooling would be rate limiting for the transport of glucose to the mammary cell. The high blood flow to the mammary gland during supplemental rbST would decrease the transit time of glucose, thereby reduction for prolonging the contact time between glucose in blood and glucose transporter in mammary epithelial cell (Chaiyabutr et al., 2007) .
It is known that glucose is an important intermediary of metabolism for the biosynthesis of lactose, triacylglycerol and citrate by the mammary gland. The bovine mammary gland cannot synthesize its own glucose because of lacking of glucose-6-phosphatase (Scott et al., 1976) . Glucose plays a crucial role in their metabolism and lactose synthesis, which is formed in Golgi vesicles from a combination of glucose either directly or after phosphorylation to glucose 6-phosphate and conversion to UDP-galactose (Ebner and Schanbacher, 1974) . The calculated amount of metabolism of glucose 6-phosphate to the galactose moiety of lactose during supplemental rbST in both cooled and non-cooled cows in each stage of lactation would be sufficient to account for the cytosolic lactose synthesis. The utilization of glucose carbon incorporation to lactose in the udder were increased by supplemental rbST in early and mid lactation but not for late lactation in both cooled and non-cooled cows (Table 7) . The decrease in the metabolism of glucose 6-phosphate to the galactose moiety of lactose as lactation advanced to late lactation in both cooled and noncooled cows would affect to the lactose synthesis and milk production. A low enzymatic activity for lactose synthesis might be expected to appear as lactation advances. According to Davis and Bauman (1974) , 50-60% of the glucose in the glucose-6-phosphate pool is converted into galactose. Major part of the galactose has been shown to derive from mammary extracted glucose, as well as from glycerol and other metabolic pathways. However, glucose is not the sole carbon source for lactose synthesis but remains the main one. An increase in the glucose concentration in milk representing an increase in glucose concentration in the mammary epithelial cell during prolonged treatment of rbST has been noted (Chaiyabutr et al., 2008c) .
It is known that 80-85% of lactose carbon atoms arise from glucose (Faulkner and Peaker, 1987) . The quantitative utilization of the glucose taken up by the mammary gland is used directly in the synthesis of lactose, while the remaining of extracted glucose can participate in the supply of ATP (Embden-Meyerhof pathway and the tricarboxylic acid cycle), other portions would be metabolized via the pentose phosphate pathway, In the present studies, glucose 6-phosphate was metabolized via the pentose phosphate pathway by average 11.0-16.5% in both cooled and non-cooled cows without rbST, while it was increased by supplemental rbST from 13.2-16.8% in early and mid-lactation but these values were decreased in the late lactation (Table 8) . These results agree with prolonged treatment of rbST in crossbred HF cows, which percentage of glucose 6-phosphate metabolized via the pentose phosphate pathway were variable in different stages of lactation (Chaiyabutr et al., 2008b) . However, these findings differed to those studies in the isolated perfused udder of cow by Wood et al. (1965) , in which about 23-30% of the glucose was metabolized via the pentose phosphate pathway. It is probable that no consideration of the recycling of glucose 6-phosphate metabolized via the pentose cycle in the udder with the consequent loss of 3 H from glucose 6-phosphate (Davis and Bauman, 1974) . However, the net proportion of the metabolism of glucose 6-phosphate via the pentose cycle pathway was increased by supplemental rbST at early stage of lactation of cooled and non-cooled cows. Metabolism of glucose via the pentose phosphate pathway yields 2 molecules of NADPH per molecule of glucose, only one of which could be labelled with 3 H in the present experiments. In the present studies, estimation of the contribution of the pentose phosphate pathway in providing NADPH for fatty acid synthesis in vivo have been estimated by dehydrogenase. Both fatty acid synthesis and the NADP-dependent isocitrate dehydrogenase reaction may have different mechanisms with a common pool of cytosolic NADPH between cows without rbST and cows supplemental rbST. The concentrations of FFA in milk were significantly increased by supplemental rbST in cooled and non-cooled cows (Table 7) . A similar result for an increase in milk fat content due to prolonged administration of rbST has also been observed previously (West et al., 1991; Chaiyabutr et al., 2000b) . It has been known that milk fat is synthesized from fatty acids of both blood lipids and from de novo synthesis within the mammary epithelial cells.
CONCLUSION
The data presented here represent the estimation in vivo of glucose metabolism in the mammary gland and its distribution to lactose synthesis, the pentose phosphate pathway and the Embden-Meyerhof pathway by the effects of supplemental rbST and cooling in 87.5% HF animals. The rbST exerts its galactopoietic action, in part, association with an increase in mammary blood flow, which partitions the distribution of glucose to the mammary gland. The stimulant effect for milk yield by supplemental rbST was transiently and the glucose turnover rate was not significantly increased as compared with pre-treatment period in all stages of lactation. It indicates that rbST induced enhancement of milk yield in all stages of lactation, which would be compensated by mobilization of body energy reserves (i.e. plasma free fatty acids) to the extent of the elevated energy requirements for supporting the increased milk production. In early and mid lactation, the glucose taken up by the udder of both cooled and non-cooled cows with rbST and without supplemental rbST, were metabolized in the pentose phosphate pathway and contributed to NADPH production by mean average 14 and 24%, respectively. An increased flux of the sufficient pool of intracellular glucose 6-phosphate during early and mid lactation came across through the lactose synthesis and pentose cycle pathway. On late lactation of both cooled and non-cooled cows, the reductions of the metabolism of glucose taken up by the udder via the pentose phosphate pathway and the contribution to NADPH production were apparent by mean averaged 9% and 22%, respectively. It would appear that a larger proportion of the glucose 6-phosphate was metabolized via Embden-Meyerhof pathway in late lactation. The present results suggest that the regulation of biosynthetic capacity within the mammary gland would be influenced more by local than by systemic factors in identification of the utilization of substrates in the rate of decline in milk yield with advanced lactation.
